We present a systematic study of the electronic, transport and optical properties of disordered graphene including the next-nearest-neighbor hopping. We show that this hopping has a nonnegligible effect on resonant scattering but is of minor importance for long-range disorder such as charged impurities, random potentials or hoppings induced by strain fluctuations. Different types of disorder can be recognized by their fingerprints appearing in the dc conductivity, carrier mobility, optical spectroscopy and Landau level spectrum. By matching our calculations to the experimental observations, we conclude that the long-range disorder potential induced by strain is the most important source of disorder in high-quality graphene on a substrate. PACS numbers: 72.80.Rj; 73.20.Hb; 73.61.Wp The dominant source of disorder which limits the transport and optical properties of graphene is still under debate. Different mechanisms have been proposed and investigated intensively, including charged impurities, random strain fluctuations and resonant scatterers (for reviews see Refs. 1 and 2). Early on, charged impurities (CI) have been recognized as the dominate disorders due to graphene's unusual linear carrier-densitydependent conductivity. However, this mechanism does not explain the experimental observations that the transport properties are not sensitive to the substrate screening [3, 4] . On the other hand, charge inhomogeneities due to strain fluctuations (SF) form electron-hole puddles [5] [6] [7] and there is experimental evidence, based on the correlation between the carrier mobility and the width of the resistance peak around charge neutrality, that the longrange disorder potential (LRDP) due to SF could be the dominant source of disorder in high-quality graphene on a substrate [8] . In addition, the SF modulate the electron hopping energies between different atomic sites, inducing the long-range disorder hopping (LRDH), leading to the appearance of the (pseudo) vector potential [2, 9] . Another common source of disorder are resonant scatterers (RS) such as chemical species like hydrogen or organic groups, which also lead to a sublinear carrierdensity-dependent conductivity and a minimum conductivity plateau around the neutrality point [10, 11] .
We present a systematic study of the electronic, transport and optical properties of disordered graphene including the next-nearest-neighbor hopping. We show that this hopping has a nonnegligible effect on resonant scattering but is of minor importance for long-range disorder such as charged impurities, random potentials or hoppings induced by strain fluctuations. Different types of disorder can be recognized by their fingerprints appearing in the dc conductivity, carrier mobility, optical spectroscopy and Landau level spectrum. By matching our calculations to the experimental observations, we conclude that the long-range disorder potential induced by strain is the most important source of disorder in high-quality graphene on a substrate. The dominant source of disorder which limits the transport and optical properties of graphene is still under debate. Different mechanisms have been proposed and investigated intensively, including charged impurities, random strain fluctuations and resonant scatterers (for reviews see Refs. 1 and 2). Early on, charged impurities (CI) have been recognized as the dominate disorders due to graphene's unusual linear carrier-densitydependent conductivity. However, this mechanism does not explain the experimental observations that the transport properties are not sensitive to the substrate screening [3, 4] . On the other hand, charge inhomogeneities due to strain fluctuations (SF) form electron-hole puddles [5] [6] [7] and there is experimental evidence, based on the correlation between the carrier mobility and the width of the resistance peak around charge neutrality, that the longrange disorder potential (LRDP) due to SF could be the dominant source of disorder in high-quality graphene on a substrate [8] . In addition, the SF modulate the electron hopping energies between different atomic sites, inducing the long-range disorder hopping (LRDH), leading to the appearance of the (pseudo) vector potential [2, 9] . Another common source of disorder are resonant scatterers (RS) such as chemical species like hydrogen or organic groups, which also lead to a sublinear carrierdensity-dependent conductivity and a minimum conductivity plateau around the neutrality point [10, 11] .
Besides the transport properties, an important part of our knowledge about the electronic properties derives from the optical spectroscopy measurements [1, 12] . Infrared spectroscopy experiments allow for the control of interband excitations by means of electrical gating [13, 14] . For doped pristine graphene with nonzero chemical potential µ F , the optical conductivity is a step function σ (ω) = σ 0 Θ (ω − 2µ F ) at zero temperature due to Pauli's exclusion principle. However, there are experimentally observed background contributions to the optical spectroscopy between 0 < ω < 2µ F [15, 16] , which are due to the extra intraband excitations introduced by disorder or many-body effects [14, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . This opens the possibility to identify the source of disorder via the optical measurements.
Previous theoretical investigation of disorders are mainly based on models without considering the nextnearest-neighbor (NNN) hopping t ′ . The breakdown of electron-hole symmetry resulting from t ′ = 0 shifts the position of Dirac point from zero to 3t ′ [2, 28] . Recent quantum capacitance measurements indicate that the value of t ′ is about 0.3eV [29] , consistent with the values obtained from the density functional calculations. It is generally thought that t ′ has relatively weak effects on the physical properties of graphene at low energies [2, 23, 28, 29] . In this letter we show that including t ′ has a negligible effect in combination with longrange disorder such as CI, LRDP and LRDH, but changes the physics dramatically when RS are present. Different sources of disorder can be identified via their fingerprints in the transport and optical measurements, leading to the conclusion that LRDP should be the most common source of disorder in graphene on a substrate.
Model and Method-We consider disordered graphene described by the tight-binding (TB) Hamiltonian Gaussian profile which varies smoothly on the scale of lattice constant as
, where r k is the k − th Gaussian centers which are randomly distributed on the lattice with probability p v , U k represents the strength of the local potential and is uniformly random in the range [−∆ v , ∆ v ], and d is interpreted as the effective radius. We use ∆ v = t and d = 5a to represent the long-range Gaussian potential. Here a ≈ 1.42Å is the carbon-carbon distance in the single-layer graphene. The LRDH is introduced in a similar way as LRDP except that the nearest-neighbor hopping parameters are modified according a correlated Gaussian form hydrogen-like RS is described by the Hamiltonian [11, 31, 32] , where V is the hopping between carbon and adatom. We consider the limiting case with V → ∞, i.e., the electron at the impurity site is completely localized such that the resonant scatterer behaves like vacancy [11] . In our calculations, we use t ≈ 2.7 eV and t ′ = t/10 for the nearest and next-nearest neighbor hopping parameters, respectively. The spin degree of freedom contributes only through a degeneracy factor and, for simplicity, has been omitted in Eq. (1) .
The calculations of the electronic and optical properties are performed by the tight-binding propagation method (TBPM) [11, [32] [33] [34] , which is based on the numerical solution of the time-dependent Schrodinger equation and Kubo's formula. The advantage of this method is that all the calculated quantities are extracted from the real-space wave propagation without any knowledge of the energy eigenstates. Furthermore one can introduce different kinds of (random) disorder by constructing the corresponding TB model for a sample scaling up to micrometers. For more details about the numerical methods we refer to Refs 27 and 32. The simulated graphene sample contains up to 8192 × 8192 atoms subject to periodic boundary conditions. Transport properties -We first consider the carrierdensity-dependence of the microscopic conductivity σ (n e ) for disordered graphene. The microscopic conductivity is calculated from the diffusion of the charge transport, without considering the Anderson localization [35] [36] [37] [38] , and it is comparable to the conductivity extracted from the field-effect measurements. The carrier density n e is obtained from the integral of density of states (DOS) via n e (E) = The optical conductivity as a function of energy for disordered graphene with µF = 0.1t and t ′ = 0.1t. All along the work the temperature of optical calculation is T = 45K, the same as in the experiment of Ref. [15] . Fig. 1 , we see that (1) t ′ is negligible for CI, LRDP and LRDH, and the electron-hole symmetry is preserved, but the results for RS change dramatically. In the presence of RS, there is a strong electron-hole asymmetry in the carrier-density-dependence of dc conductivity. This is due to the fact that the impurity band created by RS is shifted from the Dirac point to the hole side [39] , introducing strong electron-hole asymmetry at low energies; (2) as a consequence of this shift the conductivity plateau around the neutrality point is also shifted to the hole side, with an impurity-concentration dependent height and width; (3) σ (n e ) exhibits a sublinear dependence for small concentration for all types of disorder, except for the hole side in RS; (4) For LRDH, σ (n e ) is insensitive to the changes of the disorder concentration (p t ).
The field-effect carrier mobility µ can be calculated from the conductivity and carrier-density as µ = σ/en e . In the following we show only the results with t ′ except when RS are present. From the results presented in Fig. 2 , we see that (1) the carrier-dependence of mobility µ (n e ) is very similar for CI and LRDP; (2) for LRDH, µ (n e ) is insensitive to the disorder strength; (3) there is a strong electron-hole asymmetry in µ (n e ) when RS are present, that the mobility on the electron side is insensitive to the impurity concentration, and that its value can be one order of magnitude larger than on the hole side. For example, considering a RS concentration of n x = 0.05%, the electron mobility at carrier density 5 × 10 12 cm −2 is about 3, 000 (cm 2 V −1 s −1 ) but the hole mobility for the same carrier density is only ∼ 300. This significant difference of the electron and hole mobility is a unique signature of RS; (4) with RS present, on the hole side, the carrier-density-dependent mobility is not monotonic and µ (n e ) reaches a minimum at the density corresponding to the tail of the conductivity plateau. This agrees with the results for the low-mobility samples (K130 and K145) in Ref. [40] . However with RS present and t ′ = 0, the drop of mobility at the minimum is one order of magnitude larger than the experimental result.
The minimum conductivity σ min at the Dirac point is of the order of 4e
2 /h for all types of long-range disorders and t ′ = t/10. The values of σ min in CI and LRDP do not depend on t ′ , but change with the disorder strength such that larger concentration of disorder leads to larger values of σ min . This is due to the fact that the increase of potential sources in CI and LRDP will increase the DOS at the µ F , leading to more states which can contribute to the transport. This may also explain the experimental observations in Ref. [40] and [41] in which the low mobility does not necessary correspond to a smaller value of σ min . For LRDH, the value of σ min for t ′ = 0 is about two time larger than the value for t ′ = t/10, but both are insensitive to the disorder strength. For RS and t ′ = 0, σ min is of the order of 4e 2 /πh, independent on the impurity concentration n x [35] [36] [37] [38] , but if t ′ = t/10 σ min from being of the order of 4e
2 /h at small n x to 4e 2 /πh when n x ≥ 0.1%, consistent with the numerical results of Ref. [37] (data not shown). Thus we conclude that our results indicate that the minimum conductivity 4e 2 /h found in the experiments are dominated by longrange disorder but that the value of 4e 2 /πh is due to RS only.
Optical properties -As for the transport properties, t ′ has negligible effects on the optical properties of disordered graphene, except if RS are present. In general, disorder introduces new states which could contribute to the extra intraband excitations [14, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , and therefore enhances the optical conductivity below 2µ F , which might explain the observed background contribution in the optical spectrum for 0 < ω < 2µ F [15, 16] . This is confirmed by the optical conductivity of disordered graphene calculations shown in Fig. 3 . For disordered graphene with CI, there is a strong enhancement of the optical conductivity below 2µ F and the enhanced spectrum forms a plateau with disorder-dependent minimum conductivity. For LRDP, there is in addition a disorder-dependent plateau in the optical spectrum below 2µ F , which is much wider that the one due to CI. For LRDH, the enhancement of the optical conductivity is much smaller than for other types of disorder. For RS and t ′ = 0, a disorderdependent peak appears at ω ≈ µ F , which is due to the enhanced excitations of the midgap states at the Dirac point. This peak disappears for t ′ = t/10, and instead, a disorder-dependent narrow plateau appears.
In practice, instead of varying the disorder concentration, it is easier to change the chemical potential by applying an electrical potential to a gate. In order to compare to the experimental data of the spectroscopy mea- surements [15, 16] quantitatively, we plot in Fig. 4 the best fit of the optical conductivity for different chemical potentials ranging from 0.05t to 0.1t. The disorder concentrations shown in Fig. 4 are determined by matching the minimum value of the optical conductivity plateau to the one observed [15, 16] , yielding σ plateau of the order of 0.1σ 0 for µ F ≈ t/10. The best match of the disorder concentrations from our simulations is p v = 0.01% for LRDP, p c = 0.025% for CI and n x = 0.25% for RS. A direct comparison of the profile of the spectrum between our simulations and the experiments in Ref. [15, 16] indicates that LRDP fits best to the experiments. In Ref. [15] , the carrier mobility measured for the same device is as high as 8, 700cm
2 V −1 s −1 at carrier densities of 2 × 10 12 cm −2 , and the LRDP also gives the highest mobility that it can reach ∼ 3, 000. For CI, µ ∼ 1500, and for RS the mobility is even smaller: for electrons it is ∼ 1, 000 and for holes ∼ 300. Therefore we conclude that the background contribution of the optical conductivity below 2µ F as observed in Ref. [15, 16] should be due mainly to the presence of LRDP.
Landau level spectrum -Finally we consider the electronic properties of graphene under a perpendicular magnetic field. The Landau quantization of the energy levels leads to separated peaks, as shown in Fig. 5 . In the presence of disorder, the peak amplitudes of the Landau levels (LL) are reduced and the peaks become broader, except for LRDH in which the influence of disorder is much weaker than for other types of disorder. The peak profiles depend on the different sources of disorder. In general, for long-range disorder, the peak is still symmetric along its center, but for RS, the changes are mainly restricted on the side with higher energy. Furthermore, the LL spectrum exhibits electron-hole symmetry for longrange disorder, but becomes asymmetric for RS. Especially, there are two small peaks around the first Landau level on the hole side shown in Fig. 5(d) , which has the same origin as for the zero LL peaks, induced by RS [32] . The differences that appear in the LL spectrum also appear in quantum capacitance measurement, as the inverse of the latter is proportional to DOS [42] [43] [44] [45] . Therefore, we also expect a huge effect of RS on the asymmetric quantum Hall conductivity, a topic for future research.
Conclusion-
We have studied the effects of different types of disorder on the electronic, transport and optical properties of graphene. By comparing the results with and without the NNN hopping, we find that the NNN hopping has negligible effect in combination with long-range disorder such as CI, LRDP and LRDH, but that it changes the physical properties dramatically if RS are present. Our results suggest that the different but characteristic features that appear in the calculated electronic, transport and optical properties can be used as fingerprints to identify the dominant sources of disorder in graphene.
